Alkylation of benzene with n-hexane was performed over H-ZSM-5 and monometallic Ga-and Pt-and bimetallic Ga-and Pt-modified ZSM-5. The influence of the particle size and the method of incorporation of Ga (during hydrothermal synthesis, by solid-state ion exchange, or by liquid-state ion exchange) was determined. The presence of Pt and well-dispersed extraframework Ga in H-ZSM-5 increased the selectivity in alkylation and suppressed cracking reactions. Well-dispersed Pt particles led to better catalytic performance. The method of Ga incorporation played an important role in obtaining higher selectivity to alkylation products and in the suppression of side reactions. Up to 93% selectivity in alkylation (of which [95% was to 2-phenylhexane) was reached over 2 wt% Pt/H-Ga f ZSM5, in which Ga occupied framework positions. We propose that the close proximity of very small Pt nanoparticles and Ga-(OH)-Si acid sites results in the optimal bifunctional catalyst for selective production of 2-phenylhexane from benzene and n-hexane. During the reaction, the catalyst deactivated, most probably due to the sintering of the Pt particles.
Introduction
High selectivity to linear phenylalkanes is a very important issue in the production of linear phenylalkanesulfonates (alkylbenzenesulfonates) [1, 2] . Phenylalkanesulfonates are surfactants and are the main ingredient of many synthetic detergents [2] . Linear phenylalkanes are still the most costeffective detergent intermediates. Phenylalkanesulfonates obtained from 2-phenylalkanes have the highest degree of biodegradability ([90%) among phenylalkanes [2] . Therefore, efficient and selective synthesis of 2-phenylalkanes is required to produce biodegradable and environmentally friendly surfactants. About 80% of linear phenylalkanes manufactured worldwide are produced by UOP technology and the Pacol process [3] to give alkylation of benzene with dehydrogenated n-C 10 -C 13 alkanes in the presence of hydrofluoric acid. Solid acid catalysts, such as zeolites, supported aluminum chloride, clays, and various metal oxides, are emerging and will, with time, replace the corrosive and toxic hydrofluoric acid process. To date, however, only the Detal process [1] , which uses a heterogeneous catalyst, fluorided silica-alumina [4] , has been commercialized. The selectivity to 2-phenylalkane in the Pacol process is about 15-18% at a conversion of almost 100%; in the Detal process, it surpasses 25% at almost full conversion [1] . It is certainly possible to improve the selectivity to the desirable 2-phenylalkane.
In general, aromatics are alkylated with olefins to obtain phenylalkanes. However, replacing olefins with alkanes decreases the cost of the feed and may enhance catalytic stability. Because it is much more difficult to activate alkanes than olefins, super acids [5] or bifunctional catalysts [8, 11, 12] are required. Although very high conversion and selectivity were reached with superacids, such processes have many environmental drawbacks. Solid acids, such as zeolites [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , often modified with Pd, Pt, or Ga [2, 3, 12] , do not have these drawbacks. However, they have low activity and selectivity towards alkylaromatic products at moderate reaction temperature (vide infra). Ethane [7, 12, 14-16, 18, 19] and propane [7] [8] [9] [10] [11] 13] have been used to date to alkylate aromatics over zeolite-based catalysts. A selectivity of 80% to ethylbenzene was obtained over Pt/H-ZSM-5 by alkylation of benzene with ethane at a conversion of about 2% in ethane [16] . Alkylation with propane over Pt/H-ZSM-5 resulted in up to 60% selectivity to cumene and n-propylbenzene at about 7% propane conversion [8] . At higher conversion, the selectivity decreased significantly. Over H-ZSM-5 impregnated with Ga, about 10% selectivity to cumene and n-propylbenzene were attained at a conversion of 2% [11] . Both activity and selectivity to alkylated products increased over bimetallic Pt-and Ga-modified ZSM-5, Pt/ H-GaZSM-5, with Ga in the framework positions [10] . Ga ions and Pt particles promote dehydrogenation, and Pt suppresses the formation of coke [7, 11] .
Our study demonstrates that almost 90% selectivity to 2-phenylhexane can be achieved in the direct aromatic alkylation with n-hexane at reasonable conversion (*20%) by optimizing reaction conditions and modifying zeolites with Ga and/or Pt. We show that the zeolite structure, the metal and its particle size, and the way in which the metal is incorporated all have a strong effect on the activity and, in particular, on the selectivity to alkylaromatics.
Experimental

Catalysts
Zeolite H-ZSM5 (Si/Al = 25) was obtained from Zeochem (PZ-2/50 H), Switzerland. H-Ga f ZSM5, the protonic form of Ga f ZSM-5 (Ga in the framework, Al-free), was kindly provided by Jeff Miller (Amoco Research Centre, USA). H-ZSM5 was modified with Pt and Ga by wet impregnation or by ion exchange. For the solid-state ion exchange of Ga into H-ZSM5, Ga 2 O 3 (ABCR, 99.99%) and the zeolite were mixed (1:1), suspended in n-hexane, and heated to 450°C in a flow of nitrogen (15 mL/min). The sample was referred to as Ga s /H-ZSM5. For the liquid-state ion exchange, 1 g of H-ZSM5 was dispersed in 10 mL 0.15 M aqu. Ga(NO 3 ) 3 (Acros Organics, 99.9998%). After stirring for 15 min, the catalyst was filtered, washed with 1 L deionized water, and dried at 125°C for 5 h with 1°C/min, then at 225°C for 3 h with 1°C/min, and subsequently, calcined at 300°C for 8 h with 0.2°C/min in the air flow (30 mL/min). Ga i /H-ZSM5 was obtained. All Ga-containing samples were reduced at 400°C with 0.5°C/min for 1 h in pure hydrogen before they were used as a catalyst or a support. To load with Pt, 2 g of the zeolite (H-ZSM5, H-Ga f ZSM5, Ga s /H-ZSM5, or Ga i /H-ZSM5) were suspended in 16 mL deionized water and 0.4 mL NH 4 OH; 0.08 g [Pt(NH 3 ) 4 ](NO) 2 (Aldrich, 99.995%) were dissolved in 4 mL water and 0.16 mL NH 4 OH. The mixtures were stirred for 15 min, after which the Pt-precursor mixture was stirred into the zeolite suspension. After stirring for another 15 min, the catalysts were filtered, washed with 1 L deionized water, and dried at 125°C for 5 h with 1°C/min, and then at 225°C for 3 h with 1°C/min. The catalysts were then calcined at 300°C for 8 h with 0.2°C/min in a flow of air (30 mL/min). Pt/H-ZSM5, Pt/H-Ga f ZSM5, PtGa s /H-ZSM5, and PtGa i /H-ZSM5 were obtained. All the Pt-containing samples were reduced in pure hydrogen (20 mL/min) at 250°C for 2 h with 1°C/min. To obtain larger Pt particles on H-Ga f ZSM5, the heating rate was increased to 5°C/min. The resulting sample is referred to as Pt b /H-Ga f ZSM5.
Catalyst Characterization
X-ray powder diffraction (XRD) was conducted on a STOE STADI-P2 diffractometer in transmission mode with a flat sample holder and Ge-monochromated Cu Ka 1 radiation. The instrument was equipped with a position-sensitive detector with a resolution of about 0.01°in 2h.
Nitrogen sorption measurements were performed at the temperature of liquid nitrogen on a Tristar 3000 apparatus of Micromeritics. Before the measurements, the samples were degassed at 10 mPa and 250°C for at least 2 h. The surface area was determined by the BET method and the specific pore volume by the t-plot method.
Atomic absorption spectroscopy (AAS) was performed on a Varian SpectrAA 220 FS spectrometer to determine elemental constitution. The samples were dissolved in an HF/HNO 3 /water matrix overnight. Quantification of aluminum was done by the standard addition method. For other elements, individual calibration curves were measured and used for quantification.
Transmission electron micrographs (TEM) were obtained on a Philips CM30 microscope with a point resolution of 0.2 nm at 300 kV. Scanning transmission electron microscopy (STEM) was performed with a Tecnai F30 microscope operating with a field-emission cathode at 300 kV. STEM images, obtained with a high-angle annular dark-field (HAADF) detector, revealed the metal clusters with a bright contrast (Z contrast). To prepare samples for TEM and STEM, they were ground, dispersed in ethanol, and deposited onto a holey carbon film supported on a copper grid. 71 Ga MAS NMR experiments were carried out on a Bruker Avance 700 NMR spectrometer with a 2.5 mm double-resonance probe-head. The resonance frequency for 71 Ga was 91.5 MHz, and the pulse length was 6 ls. All spectra were obtained at a spinning speed of 15 kHz and had a recycle delay of 1 s. The 71 Ga chemical shifts were referenced to 1 M Ga(NO 3 
The Fourier-transform infrared spectra (FTIR) were recorded on a Biorad Excalibur FTS 3000 IR spectrometer in transmission mode. The spectrometer was equipped with a MCT detector. The spectra were measured at a resolution of 4 cm -1 in the range of 1000-3500 cm -1 . The sample was pressed into a self-supporting pellet, which was then activated at 500°C for 1 h in vacuum. The absorption was normalized by the intensity of the structural zeolite band at 1880 cm -1 .
Catalytic Tests
Reactions were performed in PEEK-lined 25-mL Berghof autoclaves BR-25. About 60 mg of the catalyst were transferred to the reactor and covered with benzene (Sigma-Aldrich, puriss.), which was dried over a molecular sieve (ZEOCHEM Ò Purmol from Uetikon Chemie AG). The alkylation of benzene with n-hexane (Acros Organics, 97%, extra dry over molecular sieve) was carried out in a batch reactor between 150 and 220°C at autogenous or N 2 pressure between 1 and 30 bar and a benzene-to-n-hexane (B/H) ratio between 0.5 and 10. The reaction conditions were optimized over H-ZSM5. The best compromise between the conversion of n-hexane and selectivity in alkylation was found under the following conditions: 205°C, autogenous pressure, and a B/H ratio of one. The mixture was stirred at 1250 rpm throughout the run, which was determined to be sufficiently fast. To compare the selectivities over different catalysts at similar conversion, the reaction time was varied between 16 and 27 h. For the time-resolved study, independent reactions were stopped after 15 min, 0.5, 1, 1.5, 2.5, 3.5, 16, 20, and 24 h. The liquid products were analyzed in a GC-MS setup equipped with an HP-5MS column (Agilent Technologies). The amount of the gas and solid products was calculated from the molar carbon balance. The presented catalytic results are mean values of up to three independent experiments. The relative standard deviation was about 7%. The stability of Pt/H-Ga f ZSM5 was evaluated by performing alkylation over the recycled catalyst. The spent catalyst was regenerated by calcination in air followed by reduction in a hydrogen flow according to the procedure applied for the activation of the fresh catalyst. The sample was referred to as Pt/H-Ga f ZSM5r.
Results
Characterization
Ga was introduced into extraframework positions by liquid-state ion exchange (Ga i /H-ZSM5) or by solid-state ion exchange (Ga s /H-ZSM5) and into framework positions during hydrothermal synthesis (H-Ga f ZSM5). The samples were modified with Pt nanoparticles. All the samples were of the MFI framework type and did not lose crystallinity upon ion exchange ( Figure S1 , supporting information). For Ga s /H-ZSM5 and PtGa s /H-ZSM5, reflections at around 32, 35, and 65 2h°appeared, which are attributed to Ga 2 O 3 . Table 1 lists the characteristics of all the zeolite samples. There was 0.3-9.6 wt% Ga in the Ga-containing samples. The lowest amount of Ga was introduced by Table 1 ) or after sample regeneration (entry 10, Table 1 ). The Si/Al ratio remained more or less the same after impregnation with Pt (Si/ Al = 24) or with Ga (Si/Al = 25). The content of Pt was between 1.8 and 2.6 wt% for all samples. The Pt content did not change upon reaction (entries 8 and 10, Table 1 ), indicating that leaching did not occur. The BET surface area of the parent H-ZSM5 (entry 1, Table 1 ) was 400 m 2 /g and decreased slightly upon modification with Pt (entry 2, Table 1 ) or Ga (entries 3 and 4, Table 1 ). After introduction of Ga by solid-state ion exchange (entry 3, Table 1 ) or liquid-state ion exchange (entry 4, Table 1 ), the microporous volume also decreased. Upon impregnation with Pt (entries 6-9, Table 1 ), the sorption properties of the samples did not change significantly. After regeneration (Pt/H-Ga f ZSM5r, entry 10), the BET surface area and the microporous volume of Pt/H-Ga f ZSM5 (entry 8) decreased slightly. (Fig. 1a) were *1.6 nm and well-distributed. Ga is lighter than Pt, and, therefore, it was more difficult to detect the Ga particles (Fig. 1b) . The average size of the Ga particles was 3.8 nm. Although a very large amount of Ga was present in the solid-state ionexchanged sample, no Ga particles were observed in the TEM images (Fig. 1c ). This indicates that Ga was present as large Ga 2 O 3 particles, which we could not distinguish from the zeolite crystals on this scale and which were not found in the TEM images. The Pt particles, which were visible in STEM images, were 0.7 nm for Pt/H-Ga f ZSM5 (Fig. 1d ) and about 1.0 nm for PtGa s /H-ZSM5 ( Fig. 1e ) and PtGa i /H-ZSM5 (Fig. 1f ). Although the majority of the particles were smaller than 1 nm in all samples, some as large as (Fig. 1g ). After one reaction run and subsequent regeneration of the catalyst (Pt/H-Ga f ZSM5r, entry 10, Table 1), the Pt particle size increased from 0.7 over the fresh sample (Pt/H-Ga f ZSM5, entry 8, Table 1 ) to 1.0 nm (Fig. 1h) . A few particles of 28 nm were detected in Pt/H-Ga f ZSM5r. The smallest particles remained well-distributed. Figure S2 (supporting information) shows the 71 Ga MAS NMR spectra of H-Ga f ZSM5 and Ga s /H-ZSM5. In the spectrum of H-Ga f ZSM5, there is one resonance at 159 ppm, indicating that most of the Ga was in the framework [20, 21] . A broad resonance between 50 and -100 ppm was also observed for H-Ga f ZSM5, indicating the presence of a small amount of extraframework Ga. Ga s /H-ZSM5 showed no resonance at 159 ppm, whereas there was a broad peak at around 0 ppm, which is typical of extraframework Ga and which also appears in the spectrum of Ga 2 O 3 [22] . This corresponded to the results obtained by XRD. Probably because of its low concentration, there was no clear signal of Ga for Ga i /H-ZSM5, even after 48 h of measurement. Figure 2 shows the OH stretching region of FTIR spectra of H-ZSM5, H-Ga f ZSM5, Pt/H-Ga f ZSM5, Ga s /H-ZSM5, PtGa s /H-ZSM5, Ga i /H-ZSM5, and PtGa i /H-ZSM5. There was one common intense band at 3744 cm -1 , corresponding to external silanol [23] . The band at around 3612 cm -1 in the spectra of H-ZSM5, Ga s /H-ZSM5, PtGa s /H-ZSM5, Ga i / H-ZSM5, and PtGa i /H-ZSM5 is typical of Brønsted acid sites (BAS), Si-(OH)-Al [23] . H-Ga f ZSM5 and Pt/H-Ga f ZSM5, containing framework Ga, showed a band at 3618 cm -1 , which corresponds to the stretching vibration of a hydroxyl bridging tetrahedrally coordinated framework Ga and Si, Ga-(OH)-Si [23, 27] . Table 2 gives the results of alkylation of benzene with nhexane over unmodified and Pt-and Ga-containing ZSM-5. Considerable conversion of n-hexane and benzene was reached over all catalysts. Alkylation, isomerization, and cracking products were detected. No olefins were observed. The isomerization products were 2-and 3-methylpentane. The alkylation fraction contained 1-, 2-, 3-, and branched phenylhexane. The conversion of benzene (not shown here) was similar to that of n-hexane, indicating that phenylalkanes resulted from both molecules [17] . The formation of the terminal product and a mechanistic study of the alkylation of benzene with n-hexane are described elsewhere [17] . Some cyclohexylbenzene, which was a product of two benzene molecules [17, [24] [25] [26] , was detected in the product mixture. As cracking products we assigned n-pentane and n-heptane, which are the likely products of classical dimerization and cracking over the acid sites of the zeolite; ethylbenzene, cumene, butylbenzene, and pentylbenzene are the cracking products of phenylhexane. Cracking occurred over all catalysts. We analyzed the composition of the gas phase for several reactions. Hydrogen, methane, ethane, ethylene, propane, propylene, butane, and isopentane were detected. These light products were included to the fraction of ''missing C'', which varied between 15 and 26 mol% for different catalysts. Over H-ZSM5 (entry 1, Table 2 ), the conversion of n-hexane was 20%. The liquid product phase contained 13% 1-phenylhexane, 22% 2-phenylhexane, and 65% cracked products. Impregnation with Pt (entry 2, Table 2 ) led to an increase in conversion to 26%, higher selectivity to alkylation, and suppressed cracking. The selectivity to 2-phenylhexane increased by about a factor of two, whereas the formation of 1-phenylhexane did not change. 4% branched phenylhexane formed.
Catalytic Experiments
Ga-modified samples showed similar activity; 16-19% nhexane and 4-8% hexane isomers were converted. Over Ga i / H-ZSM5 (entry 3, Table 2 ) with only 0.3 wt% of extraframework Ga, only 11% 2-phenylhexane formed, the rest were cracking products. Over Ga s /H-ZSM5 (entry 4, Table 2 ), containing 9.6 wt% extraframework Ga, 78% were alkylated products, 67% of which was 2-phenylhexane. Over H-Ga f ZSM5 (entry 5, Table 2 ) with Ga in the framework, 14% 2-phenylhexane and 86% cracking products formed.
The presence of Pt nanoparticles (entries 6-8, Table 2 ) led to an increase in conversion of n-hexane and its isomers. The conversion of hexane isomers was the highest (18%) over Pt/H-Ga f ZSM5 (entry 8, Table 2 ). Over PtGa i /H-ZSM5 (entry 6, Table 2 ), conversion increased from 18 to 24%; and selectivity to 1-and 2-phenylhexane from 11 to 55%. Significant selectivity to branched phenylhexane (10%) was observed. Over PtGa s /H-ZSM5 (entry 7, Table 2 ), the selectivity towards 2-phenylhexane decreased, whereas the selectivity to cracking increased from 22 to 34%. For Pt/H-Ga f ZSM5 (entry 8, Table 2 ), the selectivity to phenylhexanes increased from 14 to 93%, of which 89% was 2-phenylhexane. Compared to monometallic Pt-and Ga-containing samples, bimetallic PtGa-modified catalysts showed, in general, higher selectivity to alkylation products and isomerization and suppressed cracking. Ga 2 O 3 (entry 9, Table 2 ) showed no selectivity to alkylation; isomerization and cracking products only were observed. Figure 3b shows the composition of the cracking fraction of Pt-and Ga-modified samples and H-ZSM5. Note that only the products detected in the liquid-phase were quantified; light products and coke are represented by the ''missing C''. Over H-ZSM5, 30% n-pentane, 4% n-heptane, 43% ethylbenzene, and 24% cumene were formed. After the liquid-state ion exchange with Ga, 93% n-pentane and 7% ethylbenzene were found among the cracking products. Over Ga s /H-ZSM5, ethylbenzene, cumene, and 2-butylbenzene formed. Only n-heptane was detected over H-Ga f ZSM5. After modification with Pt nanoparticles, the amount of n-pentane and n-heptane decreased, whereas more 2-butylbenzene and pentylbenzene were observed. Figure 4 shows the time-evolution of the alkylation of benzene with n-hexane over Pt/H-Ga f ZSM5. At the beginning of the reaction, at conversions of n-hexane below 3%, only isomerization products of n-hexane and n-pentane and n-heptane were detected, which can all originate from the classical oligomerization, isomerization, and cracking. After 60 min, cumene started forming, followed by 2-phenylhexane at 150 min of reaction. The yield of methylpentanes, 2-phenylhexane, ethylbenzene, and cumene increased with time.
Over H-Ga f ZSM5-supported smaller Pt particles (0.7 nm, entry 8, Table 2 ), the conversion of hexane isomers was higher than over H-Ga f ZSM5-supported large particles (8.7 nm, entry 10, Table 2 ) of Pt. The selectivity in alkylation was 93% over Pt/H-Ga f ZSM5 and 57% over Pt b /H-Ga f ZSM5. The sample with the smaller Pt particles showed higher selectivity to alkylaromatic products than the catalyst with larger particles. Only 6% cracking products were observed over Pt/H-Ga f ZSM5, whereas the selectivity to cracking over Pt b /H-Ga f ZSM5 was 42%.
The catalytic stability of the sample was evaluated by comparing the catalytic activity and the product distribution over fresh Pt/H-Ga f ZSM5 (entry 8, Table 2 ) and recycled Pt/H-Ga f ZSM5r (entry 11, Table 2 ). The conversion over Pt/H-Ga f ZSM5r decreased to 12% compared to 25% over the fresh sample. Over Pt/H-Ga f ZSM5r, 12% less 2-phenylhexane and the double amount of cracking products formed.
Discussion
Benzene was alkylated with n-hexane, and up to 26% conversion of the alkane was reached at 205°C under autogenous pressure and a benzene-to-n-hexane (B/H) ratio of one. We observed the formation of 1-, 2-, 3-, and branched phenylhexane as alkylation products. The maximum selectivity to alkylated products was 93%, 95% of which was 2-phenylhexane. Although alkylation already occurred over the parent H-ZSM5, its modification with Pt and Ga improved the selectivity to alkylation products. Similar effects were reported for alkylation of benzene with ethane [15, 16, 18, 19] and propane [8, 10, 11] . We assigned this increase in selectivity to phenylhexanes to the suppression of cracking and improved dehydrogenation of n-hexane over the metal. Considerable selectivity to alkylation products over the metal-free H-ZSM5 and its increase due to the introduction of the metal function suggest that 2-and 3-phenylhexanes were probably formed by two different mechanisms: the classical concerted mechanism and via the acid-catalyzed activation of benzene. These routes and the formation of the terminal product were discussed elsewhere [17] .
Monometallic Ga-containing samples, obtained by solid-state and liquid-state ion exchange and containing Ga in extraframework positions, showed different catalytic performance, which can be explained by the very different Ga content. H-Ga f ZSM5, which contained Ga in the framework, showed low selectivity to alkylation products. This suggests that the Ga-(OH)-Si acid sites are catalytically inactive in alkylation. This is consistent with the conclusions reported in the literature [27] . However, we conclude that Ga 2 O 3 , too, is inactive in Ga i /H-ZSM5 and Ga s /H-ZSM5, because no alkylation was observed over the pure gallium oxide. The presence of acid sites and extraframework Ga is required for the formation of phenylhexanes, probably by the classical bifunctional mechanism.
It is interesting that, over H-Ga f ZSM5, modified with Pt nanoparticles, selectivity to phenylhexanes was very high, around 93%. 89% were 2-phenylhexane, the most desirable isomer. As mentioned before, the 2-isomer is the most biodegradable among all the phenylalkanes [1] . In the industrial Pacol and Detal processes, the selectivity to the 2-isomer reaches only 25% but at full conversion [1] . Modification of H-Ga f ZSM5 with Pt led to suppression of classical cracking reactions. The fact that the formation of n-heptane over H-Ga f ZSM5 was completely replaced by the formation of ethylbenzene, cumene, butylbenzene, and pentylbenzene after introduction of Pt, points to the shift in the reaction pathway. Instead of oligomerization and cracking of dodecene, alkylation to phenylhexanes and their subsequent cracking is taking place. This effect was not observed to the same extent with the other Ga-containing samples, although the impregnation with Pt led to enhanced selectivity in alkylation. We suggest that the close proximity of very small Pt nanoparticles to framework Ga-(OH)-Si acid sites (in the micropores of ZSM-5) is the reason for this very high selectivity to 2-phenylhexane over Pt/H-Ga f ZSM5. Similar synergetic effects of Pt and Ga were suggested to be responsible for the enhanced selectivity in alkane aromatization [28, 29] , steam reforming and dehydrogenation of methanol [30], dehydroizomerization of n-butane [31] , hydrodechlorination of CCl 4 [32] , and alkylation of benzene with propane [33] . Pt maintains a very low olefin concentration, suppressing cracking, while the close proximity of Pt to Ga-(OH)-Si is essential for the alkylation of benzene with the olefin intermediate. The limited pore size of ZSM-5 may be responsible for the preferential formation of 2-phenylhexane. Based on the very high selectivity to 2-phenylhexane, we speculate that there are almost no acid sites on the external surface.
Not only is the presence of the metal important for selective production of phenylhexanes, but also the size and distribution of the metal particles within the zeolite crystals. Over smaller Pt particles supported on H-Ga f ZSM5, higher selectivity in alkylation and lower selectivity to cracked products were observed. Close proximity of metal and acid sites of the zeolite may explain the better selectivity over the small Pt particles. It may also explain the lower selectivity to phenylhexanes over the recycled Pt/H-Ga f ZSM5r. The small Pt particles sintered during the reaction and did not redisperse with subsequent reduction of the catalyst, which led to the poorer catalytic performance compared to the fresh catalyst. Other studies mention aromatic alkylation with alkanes over bifunctional catalysts, but do not always give the size and dispersion of the metal particles, even they have a strong effect on the performance of the catalyst. The function of the acid and the metal must be balanced.
Conclusion
Alkylation of benzene with n-hexane over MFI zeolites was performed at moderate temperature (205°C). Considerable conversion and high selectivity to phenylhexanes were reached after modifying ZSM-5 with Ga and Pt. The presence of these metals suppressed cracking. The coexistence of Ga and acid sites of the zeolite resulted in enhanced isomerization of n-hexane to methylpentanes.
The nature of the Ga species (framework and extraframework) played an important role in the catalytic performance. Low activity and selectivity was observed for the monometallic sample containing only framework Ga. After modification with very small Pt nanoparticles, selectivity to 2-phenylhexane was high (89%), and considerable conversion of n-hexane (*25%) was observed. We found that catalytic performance depends on the Pt particle size. Reaction over smaller Pt particles led to higher selectivity in alkylation and suppressed cracking and multialkylation. We suggest that the close proximity of Ga-(OH)-Si acid sites in the micropores of H-Ga f ZSM5 and small particles of Pt lead to very high selectivity of Pt/H-Ga f ZSM5 to 2-phenylhexane.
